Cullin-RING E3 ligase (CRL) is the largest family of E3 ubiquitin ligase, responsible for ubiquitylation of $20% of cellular proteins. CRL plays an important role in many biological processes, particularly in cancers due to abnormal activation. CRL activation requires neddylation, an enzymatic cascade transferring small ubiquitin-like protein NEDD8 to a conserved lysine residue on cullin proteins. Recent studies have validated that neddylation is an attractive anticancer target. In this study, we report the establishment of an Alpha-Screen-based high throughput screen (HTS) assay for in vitro CUL5 neddylation, and screened a library of 17,000 compounds including FDA approved drugs, natural products and synthetic drug-like small-molecule compounds. Gossypol, a natural compound derived from cotton seed, was identified as an inhibitor of cullin neddylation. Biochemical studies showed that gossypol blocked neddylation of both CUL5 and CUL1 through direct binding to SAG-CUL5 or RBX1-CUL1 complex, and CUL5-H572 plays a key role for gossypol binding. On cellular level, gossypol inhibited cullin neddylation in a variety of cancer cell lines and selectively caused accumulation of NOXA and MCL1, the substrates of CUL5 and CUL1, respectively, in multiple cancer cell lines. Combination of gossypol with specific MCL1 inhibitor synergistically suppress growth of human cancer cells. Our study revealed a previously unknown anti-cancer mechanism of gossypol with potential to develop a new class of neddylation inhibitors.
Introduction
Protein ubiquitylation is one of the major post-translational modifications in eukaryotic cells that mainly regulates protein turnover [1] . By catalyzing the covalent attachment of a 76-amino-acid ubiquitin (Ub) to a lysine residue of a substrate protein, ubiquitylation controls the homeostasis of thousands of proteins and affects nearly every aspect of biological process in a living cell. A typical ubiquitylation modification is catalyzed by a three-step enzymatic cascade, consisting of an E1 activating enzyme, an E2 conjugating enzyme, and an E3 ligase [2] . Briefly, ubiquitin is first activated by E1 in an ATP-dependent manner, then transferred to an E2 via a thioester bond between E2 active site cysteine residue to the Cterminus of ubiquitin. Finally, E3 ligase interacts with both the E2 $ Ub and a specific substrate, transferring Ub to the e-amino group of lysine residue on a substrate. Catalyzing the final step of ubiquitylation, E3 ligase is responsible for both reaction efficiency and substrate selectivity. Human genome encodes hundreds of E3 ligases, of which the cullin-RING E3 ligases (CRLs) constitute the largest family [3] . A cullin protein assem-bles with a RING domain protein to form the core subunit of a CRL [4] . The cullin family consists of eight canonical members (CUL1, 2, 3, 4A, 4B, 5, 7 and 9) [4] . And two specific RING domain proteins, RBX1 and RBX2 (also known as SAG), serve as the RING subunit of CRLs [3] .
The activation of CRLs requires neddylation, another posttranslational modification by transferring NEDD8 (neural precursor cell expressed developmentally downregulated protein 8) to a specific lysine residue on a cullin protein [5] . As one of the ubiquitin-like proteins (UBLs), NEDD8 shares 59% sequence identity with ubiquitin [6] . Similar to ubiquitylation, neddylation is also catalyzed by a three-step enzymatic cascade, including one NEDD8 E1 (APPBP1/UBA3) [7] , and two NEDD8 E2s (UBE2M and UBE2F) [8] [9] . The two RING proteins, RBX1 and SAG serve as the NEDD8 E3s [5] . In addition, DCN1 (defective in cullin neddylation 1 protein) serves as a co-E3 ligase, which binds to acetylated N-terminus of UBE2M E2 [10] . Moreover, structural studies have revealed that UBE2M specifically pairs with RBX1 to neddylate CUL1, 2, 3, 4A, and 4B, while UBE2F specifically pairs with SAG/ RBX2 to neddylate CUL5 [9, [11] [12] .
CRLs are activated, upon neddylation modification, to ubiquitylate specific substrates, including a variety of tumor suppressors [13] . In human cancer cells, CRLs are abnormally activated due to overexpression of neddylation E1/E2/E3 enzymes, such as APPBP1/UBA3, UBE2M, UBE2F, RBX1, SAG and DCN1 with correlation of poor patient survival [14] [15] [16] [17] [18] [19] [20] . Thus, neddylation appears to be an attractive anti-cancer target. Indeed, several inhibitors have been discovered which target the activity of a specific enzyme or the protein-protein interactions (PPIs) in the neddylation cascade. MLN4924 (also known Pevonedistat), the first-in-class NAE inhibitor, exhibits potent inhibitory effect against neddylation of all cullins in vitro and in vivo [21] , and has entered the Phase I/II clinical trials in treating myeloid leukemia, multiple myeloma, lymphoma, and some advanced solid tumors [22] [23] [24] [25] . Recently, high-throughput screening (HTS) and structure-based drug design have yielded a panel of inhibitors specifically targeting the DCN1-UBE2M interaction site [26] [27] [28] [29] [30] . Some of these potent DCN1 inhibitors selectively block the neddylation of CUL3 and accumulate CUL3-specific substrate (erythroid-derived 2)-like 2 (NRF2), an antioxidant transcription factor, showing the therapeutic potential of treating reactive oxygen species (ROS) related diseases [27] [28] 30] .
In an effort to discover more selective and potent inhibitors targeting cullin neddylation, we developed an AlphaScreen-based in vitro CUL5 neddylation assay, and screened a library of 17,000 compounds, including all FDA approved drugs and $600 of natural products, leading to identification of gossypol as a potent inhibitor of cullin neddylation. Gossypol, a natural compound extracted from cotton seed, was initially used as a male contraceptive, and later developed as an antitumor agent against multiple types of human cancers [31] . An enantiomer of racemic gossypol, AT-101 [R-(À)-gossypol acetic acid; Ascenta Therapeutics, Inc.], has completed several Phase I/II clinical trials as a BCL-2 inhibitor [32] [33] [34] [35] [36] .
In the present study, we repurposed gossypol as a potent inhibitor of cullin neddylation with evidence from both biochemical and cell-based studies involving multiple cancer cell lines. Specifically, our biochemical data showed that gossypol inhibits cullin neddylation by targeting the SAG-CUL5 and RBX1-CUL1 complex and caused accumulation of CRL substrates, such as pro-apoptotic protein NOXA and anti-apoptotic protein MCL1. Biologically, combination of gossypol and MCL-1 inhibitor showed synergistic effect in suppressing proliferation of cancer cells.
Materials and methods

Chemicals
MLN4924 was purchased from ApexBio (#B1036). Gossypol was purchased from Aladdin (#G133787). S63845 was purchased from Selleck (#S8383). Chlorhexidine (CHX) was purchased from Sigma-Aldrich (#C7698).
Constructs and protein purification
All constructs were generated by standard PCR/ligation molecular biology methods. The entire coding sequence for each construct was verified by automated sequencing. Plasmid of RBX1-CUL1 CTD (CUL1 residues 411-776 with introduced mutations of L421E, V451E, V452K, and Y455K to increase solubility) was prepared as described previously [37] . Human UBE2F, UBE2M, APPBP1 and NEDD8 terminating at Gly76 were cloned into a home-made variant of pET-28b vector with a His 6 -SUMO tag fused at the N-terminus. CUL5 CTD (CUL5 residues 401-780 with the mutations of L407E, L439K, V440K to increase solubility) was cloned into a home-made variant of pRSFDuet vector with a His 6 tag [37] . UBA3 and SAG were cloned into the GST-fusion expression vector pGEX-6p-1 (GE Healthcare).
UBE2F, UBE2M, and NEDD8 were expressed in BL21 (DE3) Escherichia coli (TransGen Biotech) and purified by Ni-NTA agarose beads (QIAGEN). After Ulp1 digestion, the proteins were further purified by gel-filtration chromatography (GE Healthcare). His 6 -RBX1-CUL1 was purified by Ni-NTA agarose beads (QIAGEN) and gel-filtration chromatography. GST-UBA3 and His 6 -SUMO-APPBP1 were co-expressed in BL21 (DE3) E. coli (TransGen Biotech) and purified by Ni-NTA agarose beads (QIAGEN) and subsequent Glutathione Sepharose 4B beads (GE Healthcare) after treatment with Ulp1 to remove His 6 -SUMO tag. GST tag fused to UBA3 was retained with no influence on protein activity. His 6 -CUL5 and GST-SAG were co-expressed in BL21 (DE3) E. coli (TransGen Biotech) and purified by Ni-NTA agarose beads (QIAGEN) and Glutathione Sepharose 4B beads (GE Healthcare). GST tag fused to SAG was removed by 3C-Protease digestion to improve its purity. Finally, all proteins were purified by gel-filtration chromatography and stored in wash buffer (25 mM HEPEs pH 7.5 and 150 mM NaCl). Protein aliquots were rapidly frozen in liquid nitrogen and stored at À 80°C.
Biochemical assays
In vitro E2 $ NEDD8 thioester assay
The reaction mixture contains 50 nM UBA3/APPBP1, 3 lM NEDD8, and 1 lM NEDD8 E2 (UBE2M or UBE2F) in a buffer containing 50 mM Tris-HCl (pH = 7.4), 5 mM MgCl 2 , 0.5 mM DTT, and 0.1 mg/ml BSA. The mixture was incubated with indicated compounds (final DMSO 1%) at 25°C for 10 min, followed by addition of 20 lM ATP and incubation at 37°C for 30 min. The reaction was quenched by adding 4Â SDS loading buffer (without DTT). Final samples were separated by SDS-PAGE gel and detected by Coomassie-blue staining.
In vitro cullin neddylation assay (Direct)
The reaction mixture contains 50 nM UBA3/APPBP1, 3 lM NEDD8, 1 lM NEDD8 E2 (UBE2M or UBE2F), and 1 lM RING-Cullin E3 complex (RBX1-CUL1 CTD or SAG-CUL5 CTD ) in a buffer containing 50 mM Tris-HCl (pH = 7.4), 5 mM MgCl 2 , 0.5 mM DTT, and 0.1 mg/ml BSA. The mixture was incubated with indicated compounds (final DMSO 1%) at 25°C for 10 min, followed by addition of 20 lM ATP and incubation at 37°C for 30 min. The reaction was quenched by adding 4Â SDS loading buffer (without DTT). Final samples were separated by SDS-PAGE gel and detected by Coomassie-blue staining. For use of more sensitive detection method by western-blot (as shown in Fig. 2B ), the above assay was done with an optimized reaction mixture containing 25 nM UBA3/APPBP1, 200 nM NEDD8, 300 nM NEDD8 E2, and 200 nM RING-Cullin E3 complex.
In vitro cullin neddylation assay (Pre-charged)
Step 1: Preparation of reaction mixture A (Pre-charged E2 $ NEDD8 thioesters): The reaction mixture of 50 nM UBA3/APPBP1, 3 lM NEDD8, and 1 lM NEDD8 E2 (UBE2M or UBE2F) was mixed in the same reaction buffer with addition of 2 mM ATP, followed by incubation at 37°C for 5 min. The reaction was quenched by addition of 50 mM EDTA and put on ice for 5 min.
Step 2: Preparation of reaction mixture B (E3 + Compound): The RING-Cullin E3 complex (RBX1-CUL1 CTD or SAG-CUL5 CTD , 1 lM) was mixed in a reaction buffer containing 50 mM Tris-HCl (pH = 7.4), 5 mM MgCl 2 , 0.5 mM DTT, 0.1 mg/ml BSA and 50 mM EDTA. The mixture was incubated with indicated compounds (final DMSO 1%) at 25°C for 10 min.
Step 3: Reaction mixtures A and B were mixed and incubated at 25°C for 30 min, followed by addition of 4Â SDS loading buffer (without DTT). Final samples were separated by SDS-PAGE gel electrophoresis and detected by Coomassie-blue staining.
AlphaScreen assay NEDD8 biotinylation: The purified NEDD8 was biotinylated using EZ-Link Sulfo-NHS-LC-Biotin Kit (Thermo Fisher Scientific Inc.) followed by the instructions from the manufacturer. The biotinylated NEDD8 was tested in the in vitro cullin neddylation assays shown above methods to validate its activity.
AlphaScreen-based cullin neddylation assay: The reaction mixture of 170 nM Biotin-NEDD8, 25 nM NEDD8 E1 (UBA3/APPBP1), 300 nM UBE2F and 170 nM SAG/CUL5 CTD were incubated in a buffer containing 25 mM HEPES, 50 mM NaCl, 500 lM DTT, 0.01% BSA, and 2.5 mM MgCl 2 in the presence of a compound or equal volume of DMSO (the``DMSO'' control for a complete reaction) at 25°C for 20 min in a 384-well Opti-plate (Perkin Elmer. Inc). The reaction was initiated by addition of 25 lM ATP or equal volume of reaction buffer (thè`n o-ATP'' control). After incubation at 37°C for 5 min, the reaction mixture was added with Nickel-chelated AlphaScreen Acceptor beads (Perkin Elmer. Inc) at a final concentration of 5 lg/ml and was incubated in dark at 22°C for 1 h. Streptavidin-coated AlphaScreen Donor Beads were then added with a final concentration of 5 lg/ml. After incubation in dark at 22°C for 1 h, the plate was read by Envision Multi-reader (Perkin Elmer. Inc) and the inhibition rate of an active compound was calculated using the captured signaling intensity of a given well by the following formula:
A: AlphaScreen Signal.
The HTS
Library
The library consists of a total of $17,000 compounds, consisting of 1700 FDA approved drugs (TargetMol. Inc), $600 natural compounds derived from plants, animals or microorganisms (TargetMol. Inc), $2300 biologically active and structurally diverse compounds (The Spectrum Collection) and >10,000 synthetic drug-like small-molecule compounds (MRCT Index library). The HTS in 384-well format was carried out as described above. Each compound was added to reach a final concentration of 20 lM. To get a homogeneous solution, the reaction mixture was mixed thoroughly upon the addition of AlphaScreen beads. On each 384-well screen plate, the left two columns were added with DMSO (DMSO control) while the right two columns were added with reaction buffer without ATP (no-ATP control). All plates were carefully sealed before reading to avoid light and evaporation. The compounds with 50% of inhibition of Alpha-signal were counted as primary hits.
The hit confirmation
The primary hits were cherry-picked by a Mosquito liquid station (TTP Labtech) to the reaction plates containing enzymes and reaction buffer as described above. The inhibitory effect of the primary hits was confirmed by re-testing at the final concentration of 20 lM. Meanwhile, a copy of these picked primary hits was further diluted and tested at a final concentration of 10 lM for evaluation of dose-dependency.
The in vitro thermal shift assay (TSA)
The purified E3 complex proteins (RBX1/CUL1 CTD or SAG/ CUL5 CTD , 0.5 lg) were added to the regular PCR tubes with total volume adjusted to 50 ll by buffer containing 25 mM HEPES (pH = 7.4), 150 mM NaCl and 1 mM DTT. The reaction mixtures were first incubated with the compounds (or DMSO) at 25°C for 10 min, then heated at indicated temperatures in a BIO-RAD T100TM Thermal Cycler for 3 min. Heated mixtures were centrifuged at 20,000Âg for 20 min at 4°C and the supernatant was collected, added with 4Â SDS loading buffer, and subjected to SDS PAGE gel electrophoresis and western blotting.
The cellular thermal shift assay (CETSA)
The assay was performed according to the protocol described previously [38] . Briefly, the cells with indicated treatment (e.g. gossypol, MLN4924 or DMSO) were collected, washed with cold PBS, and suspended in 50 ll cold PBS containing complete protease inhibitor cocktail. The cell suspension was then heated at indicated temperatures on a PCR machine (described above) for 3 min and then lysed by 3 freeze-thawing cycles with liquid nitrogen. The lysates were centrifuged at 20,000Âg for 20 min at 4°C and the supernatant was collected and analyzed by western blotting as described above.
Docking study
The crystal structures of RBX2/SAG (PDB entry: 2ECL), CUL1/ RBX1 (PDB entry: 1LDJ) [12] , CUL4B-RBX1 (PDB entry: 4A0C) [39] and CUL5/RBX1 (PDB entry: 3DPL) [40] complexes were utilized and prepared by the Protein Preparation wizard module in SchrÎdinger 9.0 [41] . All water molecules were deleted from the structures, and the missing hydrogens were added to the proteins. The CUL1, CUL5 and RBX1 docking structures were generated by removing all the other binding partners in each protein complex. Then, a restrained partial minimization for each system was performed with the maximum root-mean-square deviation (RMSD) value set to 0.3 Ð. The potential binding sites were detected by the SiteMap module and the receptor grid boxes were generated by the Receptor gird generation module. Gossypol was prepared by using the Lig-Prep module with protonated states generated at pH = 7.0 þ 2.0 and subsequently docked into the structures of CUL1, CUL5 RBX1 and RBX2/ SAG using the Glide XP model.
Cell culture
Human lung cancer cell lines H1299, H358, and H2170, breast cancer cell lines MDA-MB-231, and BT-549, prostate cancer cell line PC3, and cervical cancer cell line HeLa, Acute promyelocytic leukemia cell line HL-60 was obtained from ATCC. Myeloma cell lines ARP1, JJN3 and 8226 were a kind gift from Dr. Zhen Cai. MDA-MB-231, H1299, and HeLa cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS). H358, H2170, BT-549, PC3, HL-60, ARP1, JJN3 and 8226 were cultured in RPMI 1640 Medium with 10% FBS. All cells were incubated at 5% CO 2 , 37°C, with 95% humidity.
Western blotting and antibodies
Cells after indicated treatment were collected, lysed and examined by standard western blot procedures. SAG monoclonal Ab was raised against the RING domain (AA44-113) [42] . The other antibodies were purchased from a variety of vendors as follows: CUL1 CTD (Proteintech, 12895-1-AP), CUL1 (Santa Cruz, SC-11384), CUL5 CTD (Sigma-Aldrich, AV35127), CUL5 (Santa Cruz, sc-373822), CUL3 (Cell signaling, 2759S), CUL2 (abcam, ab166917), CUL4A (Cell signaling, 2699S), CUL4B (Proteintech, 12916-1-AP), RBX1 (Cell signaling, 11922S), NEDD8 (abcam, ab81264), UBA3 (abcam, ab124728), NAE1 (Cell signaling, 14321S), UBE2F (Santa Cruz, sc-398668), UBE2M (Santa Cruz, sc-390064), p21 (Cell signaling, 2947S), p27 (Cell signaling, 2552S), MCL1 (Cell signaling, 5453S), NRF2 (Santa Cruz, sc-722), CDT1 (Santa Cruz, sc-28262), NOXA (EMD Millipore, OP180), and b-Actin (Sigma-Aldrich, A5441).
Half-life analysis
Cells were treated with 20 lM gossypol, along with the DMSO control for 8 h, then incubated with 50 lg/ml CHX for indicated time points and collected for western blot. The quantification was done by analyzing the band density using ImageJ software (NIH).
Quantitative real-time reverse-transcription PCR (qRT-PCR)
Total RNA was extracted using TRIzol Reagent (Ambion, 15596-026, Life-Technologies, USA) and transcribed into first strand of DNA (cDNA) using SuperScript III reagents (Invitrogen) with an oligo(dT) 20 primer. qRT-PCR was performed using SYBR green reagent on StepOne-Plus Real-Time PCR system (Applied Biosystems). Human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as internal control.
The primers for NOXA are:
The primers for MCL-1 are:
Transfection and siRNAs
Cells were transfected using the Transfection GenMute TM siRNA Transfection Reagent (SignaGen Ò Laboratories) according to the manufacturer's protocol. The siRNA sequence for NOXA was reported previously [43] , and foe MCL1 was 5 0 -GGCAGTCGCTGGAGATTAT-3 0 .
Cell proliferation assays
Cell proliferation assays were performed using Cell Counting Kit-8 (CCK-8) (MedChem Express, HY-K0301-3000T) according to the manufacturer's protocol. Briefly, cells were seeded in 96-well plates and incubated for 24 h, followed by addition of gossypol at indicated concentrations as a single agent or in combination of the MCL1 inhibitor S63845 (Selleck, #S8383). For the combination assays, S63845 was either added at the same concentration of gossypol (1:1 combination) or added at the concentration of IC 20 which was determined in a pre-experiment. After 72-hours treatment, 10 ll CCK-8 solution was added to each well and incubated for 2 h. The optical density (OD) values were measured at 450 nm on a microplate reader (SpectraMax iD3, Molecular Devices). The data was analyzed and the IC 50 was determined using a nonlinear regression model by GraphPad Prism software (La Jolla, CA, USA). The synergistic effect was analyzed by calculating the combination index (CI) using Compusyn software (Combosyn Inc., Paramus, NJ, USA) to generate isobolograms according to the algorithm described by Chou and Talalay [44] .
Results
AlphaScreen-based in vitro CUL5 neddylation assay
To identify small molecules that inhibit CUL5 neddylation catalyzed by NAE E1, UBE2F E2 and SAG E3, we developed a high-throughput AlphaScreen-based in vitro CUL5 neddylation assay. For this purpose, pure recombinant proteins were prepared, including NEDD8 E1 (UBA3/APPBP1), UBE2F E2, SAG-CUL5 CTD (Cullin-5C-terminal domain) E3-substrate complex and NEDD8, with purity >95% (Fig. S1A ). CUL5 CTD containing 6x His tag and NEDD8 was labeled with biotin during protein preparation. Ni 2+ -chelated Alpha acceptor beads and Streptavidin-coated Alpha donor beads were successively added to the reaction mixture. The resulting NEDD8-CUL5 CTD conjugates brought the donor and acceptor beads to a close proximity to generate energy transfer that produced the Alpha signals which could be detected by Multi-mode plate readers at 520-620 nm (Fig. 1A) .
The Alpha signals are produced only when all components are present in the reaction mixture, and missing of any single component will abrogate the signal production ( Fig. 1B) , demonstrating that the formation of NEDD8-CUL5 CTD conjugate is solely dependent on the presence of the E1/E2/E3 enzymes. The Signal/background ratio was about 30:1, providing a suitable HTS window for inhibitor detection. To validate, we used MLN4924 as a positive control in both the AlphaScreen assay (Fig. 1C ) and gel-based assay (Fig. 1D) . The results showed a dosedependent inhibition of CUL5 neddylation (Fig. 1D) , which were entirely consistent with diminished Alpha-signals in response to the inhibitor (Fig. 1C ). Thus the observed Alpha-signals truly reflect the production of CUL5-NEDD8 conjugates in the enzymatic reaction.
To apply the AlphaScreen assay to a high throughput screening (HTS), we scaled down the assay reaction mixture to a 384-well format and optimized the procedures to fit into automation (Fig. 1F ). We reached a calculated Z' factor, an index for the quality of HTS screening [45] of 0.87 (0.5 is acceptable and 1 is the best in theory) in our optimized AlphaScreen-based SAG/CUL5 neddylation assay (Fig. 1E) , indicating the assay is of excellent quality for the HTS.
Gossypol as a neddylation inhibitor of CUL1 and CUL5 identified by the HTS
We performed an HTS using this AlphaScreen assay with a pooled library containing about 17,000 compounds including natural products, FDA-approved drugs, and small-molecule compounds with diverse drug-like structures. Gossypol, a natural polyphenol ( Fig. 2A ) was identified as one of the positive hits (Fig. S1B ). Its inhibition against in vitro CUL5 CTD neddylation could be reproducibly detected in an independent gel-based assay using the library compound (Fig. S1C ). Using freshly purposed gossypol, we determined that it inhibits neddylation of CUL1 or CUL5, with IC 50 of 3.4 and 4.3 lM, respectively ( Fig. 2B-C) .
Unlike MLN4924, gossypol didn't inhibit the formation of E2 $ NEDD8 thioesters (neither UBE2M nor UBE2F) ( Fig. 2D) . We then performed a pair of direct and pre-charged CUL1/CUL5 neddylation assays to further explore the target of gossypol. In the direct assay, gossypol was directly mixed with NEDD8, NAE/E1, UBE2M/E2 and RBX1/E3 for CUL1 neddylation or E1, UBE2F/E2, SAG/E3 for CUL5 neddylation before addition of ATP, while in the pre-charged assay, NEDD8, NAE and E2 (UBE2M or UBE2F) were pre-incubated to form E2 $ NEDD8 thioesters, followed by addition of E3 and gossypol to complete the final conjugation step (see assay scheme in Fig. S2 ). In these two assays, we used MLN4924, the specific NAE inhibitor as a control. MLN4924 forms an adduct with NEDD8 to prevent the transferring of NEDD8 from NAE to E2 and thus blocks all cullin neddylations [21] . As expected, MLN4924 effectively inhibited neddylation of both CUL1 and CUL5 in the direct assay, but had no effect in the Pre-charged assay in which E1-E2 transthiolation was pre-completed ( Fig. 2E-F) . Interestingly, unlike MLN4924, while showing no inhibition of the E2 $ NEDD8 thioester formation (Fig. 2D) , gossypol effectively inhibited neddylation of CUL1 and CUL5 in both the direct and pre-charged assays ( Fig. 2E-F) . Taken together, our results showed that compare to MLN4924, an NEDD8 E1 inhibitor, gossypol had a totally different mode of action against cullin neddylation, and suggested that gossypol inhibitory effect was at the final E3 conjugation step in the neddylation cascade.
Gossypol binds to the RBX1/CUL1 and SAG/CUL5 complex
In the NEDD8 conjugation step, a RING E3 binds both NEDD8loaded E2 and cullin substrate, and promotes the ligation of NEDD8 to the lysine residue on the cullin protein [12, 46] . We therefore hypothesized that gossypol may interrupt either the RING-E2 interaction or RING-cullin interaction. To this end, we investigated the target engagement of gossypol in cells using cellular thermal shift assay (CETSA) in two lung cancer cell lines, H1299 and H358. As shown, the thermal stability of cellular RBX1 and SAG protein was clearly enhanced by gossypol at 62°C and 67°C in a dose-dependent manner, whereas these proteins were largely degraded in the cells treated with DMSO or MLN4924 (Figs. 3A, S3A) . In contrast, gossypol is unable to stabilize UBA3, APPBP1, UBE2F or UBC12 in cells ( Fig. S3B-S3C ). Of note, CUL1 or CUL5 was also not stabilized by gossypol in either H1299 (Fig. 3A) or H358 cells (data not shown). To further validate our findings, we performed in vitro thermal shift assay with purified RBX1-CUL1 CTD and SAG-CUL5 CTD protein complexes. In consistent with the results from CETSA, gossypol clearly stabilized purified RBX1-CUL1 CTD and SAG-CUL5 CTD in a dose-dependent manner (Fig. 3B) .
To find the structural basis for the binding of gossypol to RBX1-CUL1 and SAG-CUL5, we used computational modeling method to predict the binding mode. The unbound structures of RBX1, SAG/RBX2, CUL1 and CUL5 were individually generated and optimized based on the corresponding bounded protein-protein complexes. Gossypol was then docked into each protein structure to elucidate potential binding mechanisms. According to the calculation results, gossypol could bind to RBX1 and SAG/RBX2. The hydrogen bonds between gossypol and Lys105 and His108 play the vital roles in the binding of gossypol to RBX1 ( Fig. 4-A-B ). For the binding with SAG/RBX2, two hydrogen bonds could be observed between gossypol and Val13 in SAG/RBX2 ( Fig. 4C-D) . Interestingly, our docking simulations also showed that gossypol could also strongly bind to both CUL1 and CUL5 with docking scores of À9.604 and À10.678, respectively. For the binding with CUL1, gossypol was found to form hydrogen binding interaction with Glu589 and hydrophobic interaction with Trp27 ( Fig. S4A-S4C) . While for the binding with CUL5, gossypol could form two hydrogen bonds with Lys529 and His572 (Fig. S4D-S4F ), which might contribute to the high binding activity of gossypol to CUL5. For the binding with both CUL1 and CUL5, gossypol was located at the protein-protein interface between RBX1 and CUL1/CUL5, which likely disrupted the protein-protein interactions of the RBX1-CUL1/CUL5 complexes. Taken together, these Neoplasia Vol. 22, No.4, 2020 Gossypol inhibits cullin neddylation Q. Yu et al.
biochemical data and computer modeling analysis suggested that gossypol could physically bind to the RBX1-CUL1 and SAG-CUL5 complex to disrupt cullin neddylation.
CUL5-H572 plays a key role for CUL5 $ NEDD8 conjugation and gossypol binding
We next determined whether the residues K529 and H572 on CUL5, and G589 on CUL1 indeed play the role in gossypol binding, as predicted by our computer-modeling based in silico analysis. To this end, we first performed computational modeling to determine potential residue changes on K529 and H572 with a high likelihood to alter the CUL5gossypol binding, and made K529E and H572D two mutants. We then purified these mutant CUL5-SAG E3 complexes and tested them in the pre-charged CUL5 neddylation enzyme reactions.
Indeed, we found that compared to wild-type CUL5, K529E mutant had decreased, whereas H572D mutant had nearly lost the ability in forming CUL5 $ NEDD8 conjugates (Fig. 5A&B) . The results strongly suggest that these two sites, especially H572 on CUL5, play the critical role to facilitate the formation of CUL5 $ NEDD8 conjugation.
We then tested the binding of the purified wild-type/mutant CUL5-SAG E3 complex with gossypol, using our established in vitro thermal (D-F) Gossypol inhibits CUL1 and CUL5 neddylation, but not E2 conjugation: Gossypol at various concentrations was added into the reaction mixture, followed by detection of E2 conjugation via PAGE-Coomassie-blue staining (D). Gossypol at various concentrations was added into pre-charged reaction mixture (see M&M for details), followed by PAGE-Coomassie-blue staining (E-F). Fig. 3 . Gossypol binds to the RBX1-CUL1 and SAG-CUL5 complexes. (A) Cellular thermal shift assay was performed in H1299 cells, which showed gossypol stabilized RBX1 and SAG, but not CUL1 or CUL5 in dose and temperature dependent manners. See also Fig. S3. (B) The in vitro thermal shift assay using purified RBX1/CUL1 CTD and SAG/CUL5 CTD complexes was performed, which showed that gossypol bond to RBX1-CUL1 and SAG-CUL5 complexes.
shift assay (Fig. S5A ). At the low temperature (53°C), three forms of cullin had similar binding capacity with DMSO, but the highest binder with gossypol was wild type CUL5. At the high temperature (67°C), wild-type lost DMSO binding, but maintained the highest binding capacity with gossypol. Reduced or lost gossypol binding was observed in K529E (M1) or H572D (M2) mutant, respectively (Fig. 5C ). We then calculated the gossypol/DMSO binding ratio and found that a $30-fold higher binding ratio in wild-type CUL5 than M1 mutant, and a complete loss for M2 mutant (Fig. 5D) . Interestingly, the M2 mutant had much reduced binding with SAG, consistent with its much reduced formation of CUL5 $ NEDD8 conjugation (Fig. 5C ).
Furthermore, we generated the gossypol v.s DMSO-binding melting curves for each CUL5s by heating the CUL5 proteins at gradient temperatures with or without gossypol. Only the wild-type CUL5 (WT) exhibited significant shift of its melting temperature (Tm) in the presence of gossypol with DTm of 15.65°C, in comparison of 4.05°C for M1 or À2.1°C in M2 mutants, respectively (Fig. S5B&C) . Taken together, our study clearly demonstrated that the CUL5 residue K529 or H572 plays a minor or major role in mediating the CUL5-gossypol binding, respectively.
We also performed the same computational modeling analysis and made CUL1-E589A mutant as well as a nearby CUL1 (G588F) mutant with prediction to block gossypol binding. Unfortunately, after multiple attempts, both mutant constructs failed to express mutant CUL1 proteins. We reason that induction of either of these mutations likely changes the conformation of CUL1 protein, leading to a rapid degradation as the misfolded proteins. Nevertheless, although we were unable to measure the potential alterations in gossypol binding, the results indeed suggested that either of these two residues is important for the maintenance of proper CUL1 conformation.
Gossypol inhibits cullin neddylation and selectively causes accumulation of NOXA and MCL1 in multiple cancer cell lines
To investigate the cellular effect of gossypol on cullin neddylation, we treated two lung cancer cell lines, H358 and H1299 with gossypol and measured the neddylation levels of cullins 1-5 and the protein levels of typical cullin substrates. As shown in Fig. 6A , gossypol effectively inhibited the neddylation of CUL1, 2, 3, 4B, and 5 in H358 and H1299 cells in a dose-dependent manner. Inhibition kinetic assay showed that gossypol's inhibitory effect against most cullin neddylation appeared within 8 h (Figs. 6B and S6A ). Of note, gossypol selectively blocked the neddylation of CUL1 and CUL5 within 4 h in H1299 cells (Fig. S6A) .
We then measured the protein levels of typical substrates of the cullin E3 ligases, including CUL1 substrates p21, p27, and MCL1, CUL3 substrate NRF2, CUL4 substrate CDT1 and CUL5 substrate NOXA (Figs. 6A, S6A) . Surprisingly, while MLN4924 caused most of the substrates accumulated, gossypol only stabilized MCL1 and NOXA among the substrates tested (Figs. 6A&B, S6A ), which indicates a strong association between gossypol and the two specific cullins, CUL1 and CUL5.
To investigate whether gossypol indeed disrupted the degradation of NOXA and MCL1, we measured the half-life of these two proteins. As shown, gossypol significantly increased the half-life of both NOXA and MCL1 in both H1299 and H358 cells (Figs. 6C-E and S6B-D). Moreover, the mRNA levels of NOXA and MCL1 was not increased, but moderately decreased by gossypol (Fig. 6F&G) , indicating the accumulation of the two proteins was a consequence of post-translational modification.
We then asked whether gossypol's effect on cullin neddylation and the substrates is cell-type specific. We treated gossypol in multiple cancer cell lines including lung cancer, breast cancer, prostate cancer, cervical cancer, and several hematologic tumors, and measured the levels of cullin neddylation and substrate accumulation. As shown, gossypol inhibited cullin neddylation and accumulated NOXA in a variety of cell lines. Interestingly, gossypol caused accumulation of MCL1 in most solid tumor cells, but not hematologic tumor cells ( Fig. 6H&I ). Collectively, our results shown that gossypol inhibits neddylation of all cullins, but selectively causes accumulation of CRL substrates.
Of note, we noticed that unlike MLN4924, which caused p21 accumulation, gossypol caused reduction of the protein level of the canonical CUL1 substrate, p21, in both H358 and H1299 cells (Figs. 6A&S6A). We found that gossypol did not change p21 protein half-life ( Fig. S6E&F ), suggesting that gossypol is not activating ubqiutinating complex. Furthermore, proteasome inhibitor MG132 could not reverse p21 decrease in gossypol-treated H358 cells (Fig. S6G) , which also indicated that the gossypol-induced reduction of p21 protein level was not through enhancing ubiquitin-dependent protein degradation. Interestingly, gossypol increased p21 mRNA (Fig. S6H ), suggesting that gossypol affects the rate of p21 mRNA translation. Elucidation of the mechanism by which gossypol caused p21 reduction is out of scope of this manuscript, but certainly an interesting topic for future investigation.
Combination of gossypol and MCL1 inhibitor synergistically suppresses growth of cancer cells
NOXA and MCL1 are both Bcl-2 family members [47] . While NOXA is a pro-apoptosis BH3 only protein, MCL1 acts as a pro-survival protein.
These two proteins are tightly regulated to modulate cell death of survival under different conditions [47] . Since MCL1 is an anti-apoptotic protein, we hypothesized that the elevation of MCL1 may contribute to the less efficacy or drug resistance of gossypol in solid tumor cells. We therefore tested this hypothesis by determining if blockage of MCL1 by MCL1specific inhibitor would sensitize cancer cells to gossypol. S63845 (Fig. 7A) is a potent small molecule inhibitor selectively binds to MCL1 with nano-molar affinity [48] . We combined gossypol with S63845 in a molar ratio of 1:1 to treat breast cancer BT549 cells, followed by cell proliferation assays using CCK-8. As shown, compared to sole treatment, the combinational treatment significantly lowered the IC 50 (Fig. 7B ). Isobologram analysis showed that the combination effect of gossypol and S63845 was synergistic (Fig. 7C ). We then titrated gossypol against BT549 cells in combination with S63845 at IC 20 level, and also observed a significant enhancement of growth suppression (Fig. 7D ). Furthermore, MCL1 knockdown by siRNA in BT549 also sensitized cells to gossypol (Fig. 7E) . Similar synergistic effect, although to a lesser extent, was also observed in H1299 and PC3 cells ( Fig. S7A-D) . Taken together, these results showed that gossypol in combination with MCL1 inhibition (via both pharmacological and genetic approaches) synergistically suppressed growth of certain solid tumor cells, providing a sound rationale for this previously unrealized combinational therapy.
Discussion
The discovery of NAE inhibitor MLN4924 in 2009 [21] opens new eras in targeting the neddylation pathway for cancer therapy. Impressive anti-cancer activity in a numerous preclinical studies have advanced MLN4924 into multiple Phase I/II clinical trials [22] [23] [24] [25] . Given its universal inhibitory activity as an E1 inhibitor to block the entire neddylation modification, MLN4924 has shown unavoidable cytotoxicity [22] [23] 25] as well as some unexpected``off-target'' effects [49] [50] [51] . Therefore, it is highly desirable in an effort to discover small molecule inhibitors targeting downstream E2s or E3s in the neddylation cascade for higher selectivity and lesser toxicity.
To this end, we developed the AlphaScreen-based in vitro neddylation assay and used it in an HTS format to identify small molecule inhibitor of SAG/RBX2 NEDD8 E3 ligase to block CUL5 neddylation. The AlphaScreen system has some prominent properties, including high sensitivity, accessible for assay modification, and readily to support high-throughput format [52] . As a result, gossypol was identified as one of the top hits and further validated as a potent inhibitor of cullin neddylation in vitro biochemical assays and in multiple cancer cell lines.
Gossypol as a natural compound has been studied for therapeutic purpose for a long time [31] . Previous studies have uncovered multiple biological activities of gossypol such as anti-trypanosome [53] , anti-virus [54] , and anti-tumors [55, 56] . Behind these biological activities are manifold mechanisms and multiple targets involving distinct cellular pathways [57] . In terms of the anti-cancer efficacy of gossypol, the most-accepted mechanism is that gossypol acts as a BH3 mimetic to bind antiapoptotic proteins (e.g. Bcl-2 or MCL1) [57] , which leads to the clinical trials of the gossypol derivative AT-101. However, AT-101 failed to meet the pre-specified endpoints or show benefit to the patients in many clinical trials due to low efficacy [32] [33] [34] 58, 59] . Associated side effects also limit its application in clinics [60] [61] [62] . The fact that exact anti-cancer mechanisms of gossypol remains elusive limits our understanding of sideeffects or drug resistance associated with gossypol.
In this study, we demonstrated for the first time, to the best of our knowledge, that gossypol is a potent inhibitor of cullin neddylation. Our conclusion is supported by the following experimental results: (a) gossypol effectively inhibited cullin neddylation in in vitro enzyme assays; (b) gossypol showed the binding to the RING E3s in TSA and CETSA assays, and docking studies also supported gossypol binding to RBX1-CUL1/5 complex; and (c) gossypol potently inhibited cellular cullin neddylation in multiple cancer cell lines. It is worth noting, however, that while the in vitro thermal shift assay and the docking studies both supported the binding between gossypol and the two CRLs (i.e., RBX1-CUL1 and SAG-CUL5), the cellular thermal shift assays (CETSA) showed that gossypol only stabilizes RING proteins (RBX1 and SAG/ RBX2) but not the cullins (CUL1 or CUL5). This contradictory observation maybe explained by the nature of CETSA, as described by Molina et al. [38] and Jafari et al. [63] , that false negatives may occur as a result of (a) weak response by large proteins or protein complexes, (b) a nonfunctional form of target protein missing antibody recognition, or (c) unexpected global cellular effects in the cells in response to thermal changes. To address this potential issue, we attempted to perform alternative experiments including biolayer interferometry (BLI), isothermal titration calorimetry (ITC) and co-crystallization (gossypol co-crystallize with NEDD8 E1, E2s or E3s), but failed to obtain any convincing results likely due to the poor water solubility of gossypol. Future studies should be directly to using water-soluble derivatives of gossypol, if developed, to further investigate the true binding mode [64] .
Unlike MLN4924, which targets NAE E1, gossypol has a totally different mode of action. The in vitro enzyme assays showed that gossypol could inhibit cullin neddylation without blocking the E1-E2 transthiolation, strongly suggesting that its targeting is likely the NEDD8 E3. Indeed, gossypol binds and targets both NEDD8 E3s (RBX1 and SAG/ RBX2), thus acting as a novel class of compound to block universal cullin neddylation, leading to inactivation of CRL1-5. Interestingly and unexpectedly, at the cellular levels, again unlike MLN4924, gossypol failed cause accumulation of CRL substrates, such as p21, p27, CDT1 or NRF2. Rather, it selectively causes the accumulation of MCL1 and NOXA.
The selective accumulation by gossypol of MCL1 and NOXA, two BCL-2 family members, is unexpected, yet interesting. NOXA is known as a single domain BH3-only protein with pro-apoptotic function, whereas MCL1 functions as a pro-survival Bcl-2-like protein [47] . Our recent study showed that SAG/CUL5 E3 ligase promotes NOXA ubiquitylation via the K11 ubiquitin linkage [43] . Others have shown MCL2 is subjected to ubquitylation by four E3 ligases (SCF b-TrCP , SCF FBXW7 , MULE, and Trim17) [65] [66] [67] [68] . Thus, both NOXA and MCL1 are under post translational regulation by CRL1. Indeed, our findings reported here showed that gossypol selectively accumulated NOXA and MCL1 levels by at least in part blocking their degradation. The underlying mechanism for this selective accumulation of NOXA and MCL1, but not other tested CRL substrates, is unknown at the present time, but is an interesting subject for future investigation.
It was previously reported that NOXA binds MCL1 to promote MCL1 degradation [69] . However, we observed that gossypol increases the levels of both NOXA and MCL1. To demonstrate therapeutic application/significance of our finding, we performed combinational drug treatment of gossypol and MCL1 inhibitor, S63845 in multiple human cancer cell lines and observed a synergistic effect in suppression of cancer cell growth. We also showed an enhanced growth suppression of cancer cells when gossypol was combined with MCL1 knockdown. Our study, therefore, provides a sound rationale to combine two inhibitors of BCL2 family members for enhanced anti-cancer efficacy.
In conclusion, we identified gossypol, a natural product, as a new and potent inhibitor of cullin neddylation by targeting neddylation E3 ligases. Gossypol blocked cullin neddylation in multiple cancer cell lines and selectively accumulated CRL1 substrate MCL1 and CRL5 substrate NOXA. Finally, combinational treatment of gossypol with MCL1 inhibitor S63845 synergistically enhanced the anti-tumor efficacy.
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